Early-life environmental events can induce profound long-lasting changes in several behavioral and neuroendocrine systems. The neonatal handling procedure, which involves repeated brief maternal separations followed by experimental manipulations, reduces stress responses and sexual behavior in adult rats. The purpose of this study was to analyze the effects of neonatal handling on social behaviors of male and female rats in adulthood, as manifest by the results of social memory and social interaction tests. The number of oxytocin (OT) and vasopressin (VP) neurons in the paraventricular (PVN) and supraoptic (SON) nuclei of hypothalamus were also analyzed. The results did not demonstrate impairment of social memory. Notwithstanding, handling did reduce social investigative interaction and increase aggressive behavior in males, but did not do so in females. Furthermore, in both males and females, handling was linked with reduced number of OT-neurons in the parvocellular region of the PVN, while no differences were detected in the magnocellular PVN or the SON. On the other hand, handled males exhibited increased number of VPneurons in the magnocellular zone of the PVN. We may conclude that the repeated brief maternal separations can reduce affiliative social behavior in adult male rats. Moreover, the disruption of the motherinfant relationship caused by the handling procedure induced long-lasting morphological changes in critical neuroendocrine areas that are involved in social bonding in mammals.
Introduction
Exposure to stress early in life can induce an increased vulnerability to mood disorders later in life (Heim et al., 2008 (Heim et al., , 2004 Sanchez et al., 2001) . Indeed, the origin of many adult diseases such as depression, anxiety, or impulse control disorders, can be found in infancy (Kaffman and Meaney, 2007; Swain et al., 2007) .
Neonatal handling has been used experimentally with rodents in order to analyze the long-lasting effects of environmental intervention on the mother-infant relationship (Denenberg, 1964) . In rats, handling has been shown to reduce fear and stress responses (Arborelius and Enklund, 2007; Caldji et al., 2000; Levine, 1962 , Levine et al., 1967 Meerlo et al., 1999; Padoin et al., 2001; Severino et al., 2004) as well as sexual behavior and reproductive functions (Gomes et al., 2005; Padoin et al., 2001; Raineki et al., 2008) . Neonatal handling can also induce stable morphological changes to the central nervous system, reducing the number of cells in the paraventricular nucleus [PVN] of the hypothalamus (Winkelmann-Duarte et al., 2007) and the locus coeruleus [LC] (Lucion et al., 2003) . Although the handling procedure does not reproduce a natural environmental intervention, the wide range of long-lasting changes may nevertheless indicate that biologically relevant pathways are activated by the repeated brief separations from the mother combined with handling.
Central oxytocin (OT) has been related to social behaviors, such as maternal and sexual, and also to reduced anxiety (Engelmann et al., 2000; Lim and Young, 2006; Ludwig and Leng, 2006; Pedersen and Boccia, 2002; Veenema and Neumann, 2008) . Moreover, during the neonatal period OT appears to exert long-lasting plastic effects on peptide receptors (Bales et al., 2007) . Vasopressin (VP) is also a peptide that has been linked with social memory (Bielsky and Young, 2004; Caldwell et al., 2008) and aggression (Caldwell et al., 2008; Veenema et al., 2006) . In family-reared children, OT and VP levels increase after physical contact with their mothers, while children that have been neglected do not exhibit this increase (Fries et al., 2005) . Both of these neuropeptides appear to play a crucial role in social Hormones and Behavior 56 (2009) [93] [94] [95] [96] [97] [98] [99] [100] bonding (Hammock and Young, 2006; Keverne and Curley, 2004; Wersinger et al., 2004; Young and Wang, 2004) and also induce organizational effects on the development of social behavior Kramer, 2005, Kramer et al., 2006) .
The purpose of this study was to analyze the effects of neonatal handling on social behaviors of male and female rats in adulthood (at approximately 90 days), as manifest by the results of social memory and social interaction tests. Considering the role of OT and VP in social behaviors, and that the effects of handling have been detected several weeks after intervention, we assume that the handling procedure induces stable morphological changes in the peptidergic system. The number of VP and OT-immunoreactive neurons in the PVN and in the supraoptic nucleus (SON) were counted and compared between rats that had or had not been handled in the early postnatal period.
Methods

Animals
Pregnant Wistar female rats were obtained from the colony of the Federal University of Rio Grande do Sul. They were housed in our laboratory animal facility and the day of birth (day 0) was controlled. The number of pups was culled to 8 per dam. After weaning (postnatal day 21, [PND21]), animals were housed in groups of 2 to 4 per cage (41 cm × 34 cm × 17 cm), according to body weight, at a room temperature of 22°C. Lights were on from 6:00 to 18:00. Rodent chow (Nutrilab, Brazil) and water were available at all times. Both males and females were studied and were kept in same-sex cages until the tests. Sufficient litters were studied so that only one male and one female pup per litter were used in each experimental group. Experiments were performed in accordance with the NIH guide for animal research and were approved by the university's Research Ethics Committee.
Neonatal handling and experimental groups
Animals were divided into the following groups: (1) not handled (NH, no handling during the first 10 days after birth) and (2) handled (H, pups were separated from the mother and handled for 1 min each day from PND 1 to 10). This handling procedure was modified from early studies (Levine et al., 1967) and has been described in previous publications (Severino et al., 2004; Raineki et al., 2008; WinkelmannDuarte et al., 2007) . Briefly, the mother was removed from the home cage and the investigator, wearing thin latex gloves, gently handled all pups at the same time for 1 min, using both hands. After handling, they were returned to the nest at the same time as the mother. The cage bedding was not changed in either of the groups for the first 10 days. When females reached approximately 70 days, vaginal smears were taken daily and only those rats showing at least three consecutive regular 4-day estrous cycles were used in the experiments, and all females were tested while in diestrus. The handling procedure was not exactly the same as described in the early works (Levine et al., 1967) . However, other studies (Fenoglio et al., 2006a; Ladd et al., 2005; Pryce et al., 2003) have also used modified protocols of handling procedure, but no major discrepancies in the long-lasting effects were observed, provided that separation from the mother is brief and repeated (Fenoglio et al., 2006b) . Previous studies conducted in our laboratory (Padoin et al., 2001; Severino et al., 2004) have also reached similar conclusions concerning reduced anxiety-like behaviors and stress responses.
Behavioral testing
Social memory test
The social memory test (habituation-dishabituation) was based on a previous study (Winslow and Camacho, 1995) . The cage used for testing was a clear Plexiglas box of the same dimensions as the home cage. Prior to the test, animals were placed in the testing cage every day for at least 7 days in order to become accustomed to this environment. On the testing day, the rat to be studied was placed in the testing cage at the start of the dark phase of the day-night cycle and left there for 20 min. After this period, a juvenile male rat (21-30 days old) was introduced into the cage containing the adult rat being observed. The juvenile was left in the testing cage with the adult for 2 min. During this period the behavior of the adult rat was recorded. This procedure was repeated 4 times (sessions S1 to S4) with the same juvenile intruder. After that, a different juvenile of approximately the same age as the previous one was placed in the testing cage, with the adult (session S5). There was an 18 min interval between each session. Animals were videotaped and their behavior scored at a later date by a single trained observer who was blind to experimental group and worked with a computer-assisted data acquisition system (Observer, Noldus, Netherlands). The duration of social investigation (sniffing the juvenile) was analyzed. The adult rat's habituation to the juvenile intruder was evaluated in sessions S1 to S4. Memory was verified in session S5. In comparison with S4, it was expected that the introduction of a different juvenile intruder would result in increased social investigation by the adult animal, which, theoretically, would return to approximately the same levels of sniffing the novel juvenile as it had exhibited towards the first juvenile when introduced in S1.
Social interaction test
This test was also based on a previous study (Patin et al., 2005) . The test apparatus consisted of 3 clear Plexiglas boxes (all 34 cm × 40 cm × 24 cm). Two of the boxes (A and B) were each connected to a third (neutral, N) by a corridor and a door, but not to each other. With the connecting doors closed, two adult rats from different litters, but with similar body weights, were placed into boxes A and B at the same time, one in each box. Each pair consisted of two rats of the same sex and from the same experimental group (H or NH). Therefore, 4 groups were observed: H males, NH males, H females and NH females. Each rat remained confined to its own box, with no access to the N box, for 24 h. Food and water were available ad libitum in boxes A and B.
The observational part of the test was performed at the start of the dark phase of the light-dark cycle. First, the doors to compartments A and B were opened at the same time, allowing both rats the possibility of exploring all three compartments, A, B and N. The test lasted 15 min, during which time the following variables were recorded, irrespective of which compartment they occurred in: latency of the first social investigation (sniffing the other rat); latency of first attack; number and duration of attacks, defined as threats, boxing, biting or offensive rearing (most attacks were very quick and lasted just a few seconds); time spent in non-social behavior (when rats were in separate compartments); and time spent in active social interaction (sniffing, grooming, licking, mounting or crawling under or over the other rat).
Immunohistochemistry for OT and VP in the PVN and SON
Tissues were prepared according to procedures described by Winkelmann-Duarte et al. (2007) . Briefly, serial sections (50 μm each) were collected in PBS solution at 100 μm intervals throughout the nuclei. Tissues were immersed in H 2 O 2 and methanol for 30 min, and then in normal goat serum for another 30 min to prevent nonspecific antibody binding.
Oxytocin immunostaining was carried out using primary antibody (OT Monoclonal AntiBody PS38, a generous gift from Dr. H. Gainer, NIH, USA) at 4°C and at a dilution of 1:50, applied overnight to brain sections after incubation in normal goat serum (Ben-Barak et al., 1985) . Tissues were then washed with PBS and incubated with antimouse IgG (Vector, 1:100) for 120 min. Vasopressin immunostaining used primary antibody (VP Monoclonal AntiBody PS41, also donated by Dr. H. Gainer, NIH, USA) diluted with BSA in PBS (1:50) and applied to the sections overnight at 4°C. The detection protocol included sequential incubation of anti-mouse IgG (1/100) and ABC complex (Vector) solutions for 120 min each. Immunoreactive neurons were viewed in a developer containing DAB (Sigma) and H 2 O 2 in Tris HCl buffer (pH 7.6). For the negative control, sections were processed as above, but in the absence of the primary antibody.
The sections were placed on previously glued slides for 24 h. First, the size of the cell body of the positive stained cells was measured using an optical light microscope (Zeiss, Oberkochen, Germany) attached to a video camera (Sony CCD video camera module) and a computer (Apple MacIntosh 8600-300) running image analyzing software (NIH image 1.62f, Rasband, 1996) . Cells were considered parvocellular when the cell body diameter was 6 to 12 μm, and magnocellular if larger than 13 μm. OT and VP-positive neurons were counted within the test-area in the PVN and SON in both hemispheres by a trained observer under 100× magnification. Data were expressed as the mean (SEM) number of OT or VP-positive stained cells within a test-area of 11,960 μm 2 . One out of every two sections was sampled throughout the nucleus and the number of positive cells was averaged among the sections. Cells were counted provided that they were inside the previously defined test-area, unless one of the 2 borderlines of the frame was superimposed over them (forbidden lines) (Mandarim-de-Lacerda, 2003) .
Statistical analysis
Data were expressed as means (± SEM). Comparisons were performed with same-sex animals. Results from the social memory tests and immunohistochemistry were compared between groups using one-way ANOVA with session and side of the brain, respectively, as the repeated measure. For social interaction test results, Student's t test was used to compare groups (NH versus H). In all cases, significance was set at p b 0.05. Considering the main effect for session, post hoc analysis revealed that duration of sniffing the juvenile in S1 was greater than in all training sessions (S2, S3 and S4), but was not different from the test session (S5). A tendency in the main effect for group was observed among the females [F (1, 21) = 2.72; p = 0.11]. Within sessions, a main Fig. 1 . Effects of neonatal handling on the social memory test (habituationdishabituation paradigm). Social investigation time (mean ± SEM) in 4 repeated 2-min exposures to the same juvenile (S1-S4) followed by 1 final 2-min exposure to a different juvenile (S5) with an inter-trial interval of 18 min was compared between not handled (NH) and handled (H) adult male and female rats. Not handled control rats were kept undisturbed during the neonatal period and H animals were gently manipulated for 1 min daily from the 1st to the 10th post natal day. Data were analyzed using one-way ANOVA with time as repeated measure. Number of animals: NH males = 13; H males = 13; NH females = 13; H females = 13. ⁎Indicates significant main effect for group (NH versus H). Fig. 2 . Effects of neonatal handling on the social interaction test in male and female adult rats. Mean (± SEM) of the total duration of sniffing the partner, and mean (± SEM) number of attacks were computed. Data were analyzed using Student's t test. Number of animals: NH males = 10; H males = 10; NH females = 9; H females = 7. ⁎Indicates significant difference compared to NH rats. effect was detected [F (4, 84) F (4, 84) = 1.41]. Considering the main effect for session, post hoc analysis revealed that the duration of sniffing in S1 was greater than all the other training sessions (S2, S3 and S4) and testing session (S5). However, duration in S5 was not different from S2 and was greater than S3 and S4. Immunohistochemistry for OT The second group of graphs in Fig. 4 illustrates the number of OTmagnocellular neurons in females. There was no change H females compared with NH ones [main effect for group, F (1,9) = 0.04]. However, a significant difference was detected between the sides of the brain [F (1,9) = 9.60, p b 0.05], where there were more cells in the right side. Interaction between factors did not reach significance [F (1,9) = 1.47].
Results
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= 26.96, p b 0.001]. No interaction between factors was detected [
Social interaction test
The number of OT-neurons in the SON of adult females is also shown in Fig. 4 . There was no change in H females compared with NH ones [main effect for group, F (1,9) = 0.07]. The differences in the number of OT-positive cells between the sides of the SON almost reached significance [F (1,9) = 3.67, p = 0.08]. No interaction was detected between factors [F (1,9) = 0.33].
Immunohistochemistry for VP 
Discussion
The neonatal handling procedure, which involves brief and repeated separations from the dam followed by handling, reduced in a more affiliative strategy based on social investigation, and increased aggressive behavior in adult male rats. Recognition and memory were inferred from the social memory test, while social motivation was evaluated based on the amount of time spent in social non-aggressive contact in the social interaction test, in accordance with previous study (Lim and Young, 2006) . In both tests, adult males that had been subjected to the handling procedure exhibited reduced social investigative behavior. On the other hand, social memory was not affected by the neonatal handling procedure. Notwithstanding, handled males exhibited less social interaction with the juveniles in all training and testing sessions. In a similar vein, a previous study in rodents concluded that prenatal stress leads to a decrease in social behavior during adulthood .
The reduction in non-aggressive social behavior does not seem to be due to increased fear. Some authors consider a reduction in social interaction to be a measure of high anxiety . However, increased anxiety does not seem to be the cause for the results described here. Indeed, one of the core effects of neonatal handling is a reduction in anxiety (Caldji et al., 2000; Meerlo et al., 1999; Padoin et al., 2001) . Thus, it is more likely to that these results can be explained as a consequence of a reduction in the capacity to form social bonding rather than of increased fear. The reduced motivation to engage in social behavior was detected in the social interaction test, in which the duration of social investigation was reduced in the H males.
Results also demonstrated an increase in aggressive behavior during the encounters between H males in the social interaction test. Assuming that aggression would be inversely related to fear, the effect of handling on aggressive behavior is compatible with the idea that the reduction in non-aggressive social interaction is not an indirect effect related to behavioral inhibition induced by increased fear/anxiety. It is therefore tempting to infer that the neonatal handling procedure may reduce the development of social behavior that facilitates pairing in male rats. Moreover, the increased aggressiveness indicates a reduced tolerance of alien conspecifics. On the other hand, the reduction in sexual behavior induced by the neonatal handling procedure shown in previous study (Padoin et al., 2001 ) is possibly a specific case of this reduction in social interaction that tends to bond subjects.
Handled females, on the other hand, exhibited very little difference in the time spent in social contact (sniffing) during the social memory test compared with the NH control females. Moreover, in the social interaction experiment, no difference was shown between H and NH females. Social memory was apparently not affected by the handling procedure in either males or females. Since the rats exhibited more interaction with the juvenile intruder during the testing session (S5) than during the previous encounter with the juvenile used in S1, S2, S3 and S4, we may conclude that habituation and dishabituation were observed. Indeed, previous studies have shown that the handling procedure may even improve hippocampal-dependent memory (Meaney et ) were averaged (mean ± SEM) across the sections of the nuclei (one out of every two sections). Results were compared between groups (NH and H) and sides of the brain (right and left) with one-way ANOVA. Number of animals: NH males = 6; H males = 6; NH females = 6; H females = 5. ⁎Indicates significant main effect for group (NH versus H).
# Indicates significant main effect for side (R versus L).
2001). However, the effects of neonatal handling on memory seem to depend on the test used, i.e. on the kind of memory that is being tested. Neonatal handling was shown to negatively affect inhibitory avoidance, but increase object recognition, while no difference was detected in a circular maze task (Kosten et al., 2007) . We present evidence that the exposure to early life repeated handling reduces social behavior in males. At the same time, the habituation-dishabituation test indicates that neonatal handling does not affect the ability to recognize another animal of the same species. This result is in agreement with previous study in which repeated exposure to mild stress during the postnatal period did not affect social memory in adult rats (Tang et al., 2003) . Sex differences emerged in both the social memory and social interaction tests. Among the females, the neonatal handling procedure had little impact on either test in contrast with males. We did not aim to analyze the differences between male and females. However, previous studies have also shown sex differences in the changes induced by neonatal environmental interventions affecting memory (Kosten et al., 2007; Stamatakis et al., 2008) , behavior, and hormones (Akers et al., 2004; Cameron et al., 2008; Padoin et al., 2001 ). These effects have been attributed to hormonal differences. Therefore, an interaction between the hypothalamic-pituitary-gonad hormones and the early-life environmental intervention seems evident and should be addressed directly.
The number of OT-positive cells decreased in the parvocellular region of the PVN in H males. Since central OT produced by the parvocellular neurons in the PVN has been related to social behavior and pair bonding, the reduced affiliative social behavior induced by handling could be causally related to the reduced number of OT cells in the pPVN. Besides reducing social interaction, prenatal stress decreased OT-mRNA in the PVN and increased OT receptor binding in the central amygdala in young adult male rats. Moreover, no difference was found in the expression of VP mRNA. Infusion of OT, but not VP, into the central amygdala reversed the social interaction deficit in the prenatally stressed males, showing that OT is related to social bonding . Here we present evidence that postnatal stress can induce a reduction in social behavior and the number of OT-positive cells in the PVN of male rats, although the environmental interventions occurred at different moments of the development.
Contradictory results have been described for the effects of earlylife environmental interventions on VP. Separation from the mother for 3 h daily from day 1 to day 14 was shown to induce an increase in VP in the PVN (VP mRNA and immunoreactivity) after aggressive behavior encounters in male mice (Veenema et al., 2007) and rats (Veenema et al., 2006) . On the other hand, Desbonnet et al. (2008) found a decreased number of VP-positive cells in the PVN of male rats that had been submitted to separation from the dam (3 h from ) were averaged (mean ± SEM) across the sections of the nuclei (one out of every two sections). Results were compared between groups (NH and H) and sides of the brain (right and left) with one-way ANOVA. Number of animals: NH males = 6; H males = 6; NH females = 6; H females = 6. ⁎Indicates significant main effect for group (NH versus H).
day 1 to 14). Here we present evidence that the brief separations involved in the handling procedure increased the number of VPpositive cells in the PVN of adult male rats. This result could be related to the increase of the aggressive behavior in the handled males. Indeed, previous studies (Caldwell et al., 2008; Ferris, 2008; Veenema and Neumann, 2008) have shown that VP has a facilitatory role on aggression. Neither the handling procedure (based on the results of the study described here) nor longer periods of maternal separation (based on results described by Desbonnet et al., 2008) affected the number of VP-cells in the PVN of female rats. Besides social behaviors, the two peptides analyzed have been also related to stress responses. In contrast with VP, OT inhibits the HPA axis (Bao et al., 2008) . Indeed, OT injected into the lateral ventricle of male and female rats has been shown to inhibit the HPA axis (Neumann et al., 2000) ; and OT-knockout male and female mice exhibited greater corticosterone response to stress Mantella et al., 2004 ). If we assume that a decreased number of OT-parvocellular neurons is related to reduced OT secretion, then the stress-induced activity of the HPA axis would be expected to increase in the H animals, but that is not what have been described for the neonatal handled animals. In fact, a reduced stress response has been demonstrated by several laboratories (Arborelius and Enklund, 2007; Caldji et al., 2000; Levine, 1962 , Levine et al., 1967 Meerlo et al., 1999) . However, the neuroendocrine control of stress involves several systems and mechanisms. The apparent discrepancy (reduced stress response and number of OT cells) could be explained by the fact that handling increases the number of glucocorticoid receptors (GR) in the hippocampus, altering the feedback of the HPA axis (Meaney and Aitken, 1985) . The improved stress feedback would be the main consequence of handling on the response of corticosterone to stressors. Nevertheless, this inference has yet to be confirmed experimentally.
On the other hand, the increased number of VP-magnocellular neurons in males does not appear to contradict the well-known effect of neonatal handling reducing stress responses (Liu et al., 1997; Meerlo et al., 1999; Plotsky and Meaney, 1993) . However, within the PVN, the neurons that stimulate the corticotrophs are the parvocellular ones (Dinan and Scott, 2005; Ruscio et al., 2007; Treschan and Peters, 2006) , and results showed no change in the number of VPparvocellular neurons in the PVN in H rats.
Results also showed that the number of VP-positive magnocellular neurons on the right side of the PVN in the males was greater than on the left side; while in females, we observed a greater number of OTmagnocellular neurons in the right side of the PVN. Neonatal handling did not affect these lateral distributions in either case. To our knowledge this is the first time that lateralization of these peptidergic neurons has been shown in rats. Previous studies have demonstrated right asymmetry for GnRH (Gerendai and Halasz, 2001 ) and dopaminergic neurons (Sullivan and Dufresne, 2006) in the hypothalamus of rats. Nevertheless, neonatal handling did not interact with the lateralization of VP or OT cells in males and females, respectively.
In conclusion, repeated brief separations from the mother followed by handling during the neonatal period induced a reduction in affiliative social behavior among adult males, but not females. At the same time, an increase in aggressive behavior between H males during the social interaction test was detected. These behaviors have been related to central OT and VP. Indeed, neonatal handling reduced the number of OT-parvocellular neurons in both male and female rats, and increased the number of VPmagnocellular neurons in the PVN of males, but not of females. These results suggest that the disruption to the mother-infant relationship caused by the handling procedure may induce longlasting morphological changes in critical neuroendocrine areas that are involved in social bonding in mammals.
